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The asymmetric synthesis of alcohols of general structure 1, 1,2 containing a 2,2-dimethyl-1,3-dioxinone structure, represents a valuable approach to the synthesis of a number of important target molecules, notably 3,5-dihydroxy acids 2 3 which are components of several cholesterol-lowering drugs. 4 A popular approach to these structures has been through the initial addition of dioxinone 3 to an aldehyde under the control of an asymmetric catalyst, leading to formation of 1 in high enantiomeric excess.
2,3 Subsequent hydrolysis of the dioxinone and diastereoselective reduction of the resulting ketone complete the route to general structure 2. An alternative approach to 1 would be by the asymmetric reduction of ketones of general structure 4, however this has been less extensively explored. 5 In this paper, we describe a method for the highly enantioselective reduction of ketones of type 4 and the application of this method to the total synthesis of the natural product (+)-yashabushitriol. 6 Initially, an approach to the synthesis of ketones 4 was required. Previous methods in the literature fall into two broad groups (Scheme 1); a) addition of the anion from 3 to an appropriate carboxylate reagent such as an acid chloride or acetylbenzotriazole, 7 or b) addition of an anion from 3 to an aldehyde followed by oxidation. 2, 8 We first prepared a number of derivatives using the reaction with the lithium enolate of 3 and an acyl donor. Although this worked well in some cases, the yields were generally low. Using approach b, the first step of which has also been employed in an asymmetric sense using a chiral catalyst, 2 several derivatives were prepared in improved overall yields.
Pergamon
TETRAHEDRON LETTERS Scheme 1. Synthetic approaches to reduction substrates in Table 2 .
Asymmetric reduction of 4 (R=Ph) was investigated using the known transfer hydrogenation catalysts (R,R)-5 and (R,R)-6 (Table 1) , 9,10 using formic acid / triethylamine (FA/TEA) as the reducing agent. The addition of solvent was found to be advantageous, with DCM and acetonitrile giving the best results when used with catalyst 5 at an S/C ratio of 50. However the tethered catalyst 6 proved to be the most active, delivering the product in the shortest times. The S/C ratio could be raised to 1000 without loss of conversion or ee, although the reaction times were much longer. However increasing the temperature to 50 °C facilitated full reduction in just 10 hours at an S/C ratio of 1000 without loss of enantioselectivity. Using the optimised conditions established above, the reductions of the derivatives of 4 were tested using catalyst (R,R)-6 (Table 2 ). In several cases the S/C ratio could be increased to 1000/1 with no loss of ee compared to the S/C=100 reaction. The sense of reduction was assigned by comparison with known products where applicable (Ph, thienyl, furyl) , and in all cases (including for R-Ph) the R-configuration product was formed from the (R,R)-catalyst, as illustrated. Other products were assigned by analogy. The selectivity matches that which would be predicted from the established /CH edge/face directing effect of aryl-substituted substrates (Figure 1 ). In order to investigate the directing group further, the reductions of derivatives of 4 with non-aromatic structures, i.e. 7-9, were examined (Figure 2 ). High enantioselectively was achieved using substrate 9, containing a triple bond adjacent to the ketone, as would be expected given the known precedent for this group to act in the place of the aryl group, and the absolute configuration was assigned on this basis. Alkene-containing substrate 8 gave a product 11 of lower ee but the same configuration. Methyl-substituted substrate 7 was reduced to S-10 in 59% ee, though the hydride is delivered to the same ketone face compared to the other substrates, which indicates that this reduction was primariliy controlled by steric factors.
9,10
10i The absolute configurations of both 10 and 11 were assigned by comparison of their optical rotations to those previously reported (see Supporting Information). Table 2 ).
(+)-Yashabushitriol, a natural product first isolated in 1986, was identified as a suitable target for synthesis using the methodology reported above (Scheme 2).
6 Following ring opening 2e to 13, stereoselective reduction to the syn diol was required. This has been achieved by a number of methods 4d including asymmetric transfer hydrogenation, 4c however in our case the reduction using Et2B(OMe) and sodium borohydride 2 proved to be ideal and gave product 14 after diol protection in 5:1 distereoselectivity from which the major isomer could be puried by column chromatography (68% yield over two steps). The acetylenic ketone 16 was formed via 15, and the opportunity was taken to study its reduction by ATH using catalysts 5 and 6.
11 In the event, both catalysts gave excellent results with almost complete control of selectivity (Table 3 ). The extent of substrate selectivity could be gauged using a non-chiral catalyst (Table 3 , entry 6) and was found to be just 1: 1.6 (17:18) . Through this sequence, it was possible to prepare both (+)-yashabushitriol 19 and its 5-epimer 20 in enantiomerically pure form. The use of a second enantioselective reduction will ensure that the ee of the pure diastereoisomer in each case is high and greater than that of the substrate 16. 12 The spectroscopic data of the (+)-yashabushitriol prepared by our route matched that of the reported material, 6 and the structure was additionally confirmed through an X-ray crystallographic study of our sample of 19 (Figure 3 ).
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Scheme 2. Synthesis of (+)-yashabushitriol and its 5-epimer. 
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There is relatively little precedent for the use of asymmetric reductions of 2,2-dimethyl-6-(2-oxoalkyl/oxoaryl)-1,3-dioxin-4-ones in synthetic applications. In related studies of asymmetric reductions of similar systems, compound 10 was formed in up to 90% ee using bakers' yeast, 5a and a similar substrate similar to 7 containing an ester on the methyl group was reduced by a Ru/BINAP complex in up to 87% ee. 5d As a component of a natural product synthesis, a diastereoselective reduction served to introduce a new chiral centre in high d.r.
5e,f In this context we believe that this approach has potential for further synthetic applications.
In conclusion, we have found that the reduction of 2,2-dimethyl-6-(2-oxoaryl)-1,3-dioxin-4-ones can be achieved in high enantiomeric excess through ATH using Ru(II)/TsDPEN catalysts. An aromatic ring or triple bond adjacent to the ketone is required in order for products to be formed in high enantiomeric excess. The total synthesis of enantiomerically pure (+)-yashabushitriol was selected to highlight the synthetic value of the new methodology.
